Within the framework of a particular model for meson production, we have performed a perturbative QCD analysis for exclusive pair production of heavy mesons. Analytic calculations of angular distributions for pseudoscalar-pseudoscalar, vector-pseudoscalar and vector-vector mesons are presented. Numerical estimates of the cross section, angular distributions and forward-backward asymmetry for various B, B*, T and T* mesons are given at an energy range of 20 GeV to 100 GeV. The forward-backward asymmetry from weak electromagnetic interference is found to be large at TRISTAN energy.
Introduction
The intermediate vector bosons of the standard model will be the subject of intense experimental and theoretical investigations once the e+e-colliders at SLAC (SLC), Japan (TRISTAN) and CERN (LEP) start operation.
In e+e-annihilations, the interaction is mediated by the electromagnetic current (7) and the weak current (Z').l At typical energies of SLC2 and LEP3, i.e., fi -Mz, the interaction will be dominated by neutral current through Z" production, while at lower energies (+ -20 GeV) the electromagnetic current will dominate and Z"
contributions will be negligible. The interesting region of medium energy (e.g., TRISTAN4 energies) will reveal the interference between weak and electromagnetic interactions. In this paper we focus on calculating the angular distributions and forward-backward asymmetry for the exclusive pair production of heavy mesons (mesons with at least one heavy quark c,b, t) within the energy range of 20 GeV to 100 GeV.
Since the momentum transfer q involved in these processes, i.e., exclusive heavy meson pair production, is sufficiently large, they may be treated within the framework of perturbative &CD. Our calculation is based on a particular model for exclusive meson pair production. 5 We include explicit effects associated with the meson bound state by assuming that in the low momentum transfer domain the meson wave function describes a quark-antiquark bound state and, that at large momentum transfer, the momentum dependence of the meson wave function is controlled by the Bethe-Salpeter kernel and thus by single-gluon exchange in the asymptotic limit. The mechanism based on this idea for exclusive produc-tion of heavy mesons is shown in Fig. 1 . In Figs. l(a) and l(b), the process is mediated via photon production while in Figs. l(c) and l(d) it is mediated by Z"
boson. The main contribution from each set of diagrams depends on the energy regions as will be discussed in Section 3. In this model, the invariant amplitude M at the large momentum transfer q for processes of Fig. 1 factorizes5s6 into the convolution of hard scattering amplitude 2'~ and meson distribution amplitude 4~. The requirement of large momentum transfer q is a necessary condition for factorization7 of invariant amplitude. Accordingly, the momentum transfer must be larger than the QCD scale parameter A -100 MeV. In Fig. 1 , the momentum transfer scale is set up by gluon momentum which is fixed by fi(l -ml/m), where ml and m are the masses of primary quark and meson, respectively. Therefore, for the heavy meson pair production processes (i.e., ml = m,, ?nb, mt) we can invoke the factorization theorem.
To leading order in l/q2, the amplitude for meson pair production is given 
where fan is the decay constant of heavy meson with spin X such that fMc = fPs (pseudoscalar) and fMi = fv (vector).
In Section 2, we derive the analytic results for angular distributions of mesons with different spin combmations. Section 3 is devoted to numerical estimates of .I angular distributions and forward-backward asymmetry, and Section 4 contains a summary of our results and conclusions.
Angular Distributions and Asymmetry
The hard scattering part of the amplitude M in Eq. (1) 
Here the spin sum notation Cspin, includes the appropriate Clebsch-Gordon coefficients for the meson spin wave function.
In Eq. (5), I3 is the third component of the weak isospin of the quark coupled to Z", and Q is the charge of the quark (in the unit of e, electron charge).
The spin sums appearing in Eqs. (4b) The differential cross section can be written in terms of amplitude M as
where r2 3 4m2/s. Using Eqs. (2)- (8), th e angular distribution for a particular spin combination of produced mesons becomes 7r3 f& fiA, dc7 * a2 -CY;
e+e-*MA MA, = 81(1 -r)6 sin4 26~s {(s -Mii2 + r;Mg} (9) . $%n2e+@'(i+c0s2e)+c~X'c0se [ 1 where X and A' refer to helicity states of the mesons, and coefficients c;" are given in Table 1 . 11) with the coefficients ci" as given in Table 1 . The numerical estimates of the angular distribution and AFB for different mesons will be presented in the next section. At this point, however, we need to make a few comments with regard to the meson decay constants as introduced in Eq. (2). Due to uncertainties in parameters such as fps and f,,, it is rather difficult to predict how much smaller the cross section of exclusive process is than that of the corresponding inclusive process. If we use the present parameters as given in Table 2 , however, then we have a factor between 1W2 -10m3 compared to inclusive processes.1° There is a .
large range of variations for the numerical values of some meson decay constants.
For exclusive reactions we are considering, this can introduce about an order of magnitude uncertainty in the estimates of cross sections. More detail will be given in the next section.
Numerical Estimates i) e+e-+pS+pS(X=X'=O)
.
For two pseudoscalar mesons, the interference between axial and vector coupling terms vanishes. As a result, the angular distribution do/dcos 8 is symmetric. It is dominated by r-exchange at lower energies (s < Mi) and by Z"-exchange at higher energies (s M Mg). A particularly striking feature of the present QCD model predictions is the existence of a zero in e+e-annihilation cross section for pseudoscalar meson pair production at the specific timelike value @ = d-m (see Table 1 ). Th e existence of a zero in the form factor and e+e-annihilation cross section for a pair of spin-zero mesons was first predicted In this case, as observed from Table 1 , the coefficient ci" # 0 which gives rise to a finite asymmetry, AFB. Again, for s < Mg, the EM current dominates; interference term will be small and angular distribution is rather symmetric. At medium energies, however, 7-Z" interference becomes large which result in an asymmetrical angular distribution. These features can also be deduced from the analytic expression derived for angular distribution da/d cos 0 in Section 2. From Eq. (9) and Table 1 we observe that due to factor (1 -r)2 in c:', this coefficient is small compared to ci" and ci" and, consequently, the terms proportional to ( 1+cos2 8) and cos 0 are the main contributions to da/d cos 8. For s << Mg, it can be easily seen that cl0 >> c$' and a symmetric angular distribution will result.
On the other hand, for fi = Mz/2, the coefficient ci" will dominate and the cos 8 term in Eq. (9) determines the shape of angular distribution.
At s w Mi, the interference between 7 and Z" disappears due to negligible contribution from r-exchange. Nevertheless, the cross terms arising from V-A interference in the Z"-couplings to quarks and leptons give rise to an asymmetry and ci" still remains larger than c2 lo. These features are shown in Fig. 3 where we have plotted the angular distributions for B,-mesons at various energies. The forward-backward asymmetry AFB, which is given by Eq. (11) and plotted in Fig. 4 indicates the intersecting region of TRISTAN energy range for B,-mesons. For T-meson production the available phase space is very limited due to the heavy mass of t-quark. As shown in Figs. 5 and 6, however, many features of electroweak symmetry breaking can be tested around the energy range of SLC and LEP.
iii) e+e-+ V + V (X = X' = 1)
At energies close to threshold, angular momentum conservation dictates an an.gular distribution dominated by terms proportional to sin2 8, if r is not close to 1 (e.g., B, prod UC t ion). At this energy Z" effect will be negligible and coefficient cil is much greater than cil and cil in Eq. (9). This feature is clearly exhibited in Fig. 7 (a) h w ere the angular distribution of a pair of B,-mesons is plotted at an energy close to threshold. As the energy increases, the related orbital angular momentum can assume different values, and all of terms in Eq. (9) contribute to angular distribution (see Fig. 7 ). At energies fi w Mz/2, the 7-Z" interference becomes large compared to other contributions and a very asymmetric distribution will result. As discussed for (V+ps) production, near Z"-pole, the 7 effect is negligible and only a slight asymmetry arises from V-A cross terms in the Z"-couplings to quarks and leptons. The forward-backward asymmetry shown in Figs. 4 and 6 (dashed line) have very similar features to the case of (Vfps) production discussed in the preceding part.
Summary and Conclusions
Studying heavy meson production processes at e+e-colliders like TRISTAN, SLC and LEP can provide valuable information about: a) QCD mechanism responsible for hadroniziation of heavy quarks to heavy mesons and b) electroweak couplings of Z" to quarks and leptons.
For the case of exclusive production of heavy mesons, we presented the angular distributions for pseudoscalar and vector mesons. The onset of leading power behavior is controlled simply by the mass parameters of the theory. Specifically, we confirmed that the present model based on perturbative QCD predicts a zero"
in the cross section for the exclusive pseudoscalar meson pair production even after weak interactions are incorporated into the model by including Z"-production.
Although the cross sections for exclusive processes are small compared to single particle inclusive reactionslO and require large luminosity, the observation of zero cross section by the present model can provide a unique test of the theory and its applicability to exclusive processes.
We also found that 7-Z" interference effects give rise to a rather large forwardbackward asymmetry when a vector meson is produced. Specifically, for vector mesons production, the shape of angular distribution, 1 + cy cos2 8 + p cos 8 changes from Q = -1 and ,0 = 0 near threshold to (1: > 0 and p # 0 away from the threshold (see Fig. 7 ). Th ese effects become small near Z"-pole; however, for ,,G = Mz (where the cross section is rather large), there is still slight asymmetry which is solely due to V-A interference in the Z" coupling to quarks and leptons. Finally, the forward-backward asymmetry from weak and electromagnetic interference is found to be large within the TRISTAN energy range. III . Table 2 The numerical values of the parameters used in Eqs. (9) 
